Waterlogging is related to rainfall intensity as well as drainage network design. In previous studies, rainfall intensity was dominantly considered, while the design return period with the lowest total social investment of drainage networks was generally neglected. In this study, Guangkai Street in Tianjin in northern China was selected as a case study to determine the optimal design return period of drainage networks. According to the drainage networks for different design return periods, the depth of waterlogging was simulated based on the FloodArea model under the conditions of the rainfall exceeding the design return period. Furthermore, traffic losses due to waterlogging were determined by using the traffic loss model. When the sum of traffic losses and drainage network investment is smallest (i.e., the lowest total social investment), the corresponding return period is considered as the optimal design return period of drainage networks. By comparing the simulated depths of waterlogging and observations of 17 waterlogging monitoring points, we found that the FloodArea model has efficient simulation in most areas. Accordingly, the FloodArea model was used to simulate the depths of waterlogging with different return periods in Guangkai Street. The results show that the total social investment, including traffic losses and initial investment of drainage networks, is the lowest with the return period of the drainage networks in the selected area being designed as 5 years. This suggests that the design return period of the drainage networks in Guangkai Street should be upgraded to 5 years. The approach in this study is based on high-precision simulation (1 m GIS data) and actual waterlogging depth to ensure the accuracy of simulation. The optimal design return period is calculated in combination with traffic losses and initial investment of drainage networks, providing reference for the design of drainage networks in specific areas.
Introduction
Under the conditions of global warming, extreme rainfall events have been increasing in many areas with geographical heterogeneity [1] [2] [3] [4] [5] . Even in some areas where annual mean precipitation generally decreases slightly, extreme rainfall events still increase significantly [6] . Extreme rainfall events, to a large extent, trigger urban waterlogging and floods, especially in low-lying coastal areas. This causes not only property damage but also human casualties [7] .
The runoff coefficients in large cities become high with the gradual increase in impervious pavements. If the drainage capacity is low, heavy rains can easily result in waterlogging. In recent years, extreme rainfall events have been frequent in China, resulting in urban waterlogging in many cities. For example, what's referred to locally as the "July 21 Rainstorm" in Beijing [8] and the "July 18 Rainstorm" in Ji'nan [9] caused great loss to life and property as well as a negative impact on traffic safety. However, some cities still have the risk of waterlogging even under non-extreme heavy rainfall conditions, simply due to the inadequate drainage capacity. For example, from 17:00 to 20:00 on July 19, 2015, the rainfall in Tianjin was only 20 mm, which did not reach a return period of 1 year, but the rainfall caused waterlogging in several road segments. The depth of waterlogging in some segments exceeded 30 cm, greatly affecting city traffic. The occurrence and characteristics of extreme rainfall events and resulting urban waterlogging have therefore caused concern among researchers and policymakers in recent years. Thus, previous studies have focused on the influential factors and the formation mechanism of urban waterlogging [10] [11] [12] . However, studies on the design of drainage networks in large cities under the background of extreme rainfall events are very limited.
In the planning and design of urban rainwater drainage networks, the design return period is usually settled based on rainstorm intensity, i.e., the intensityduration-frequency curve. Generally, drainage networks with a high design return period have a stronger drainage capacity, but the construction cost will inevitably be much higher. In contrast, a lower design return period decreases the construction cost, but the drainage capacity will be significantly reduced and the risk of waterlogging disasters will increase [13] . In the design of drainage networks under the conditions of climate change, there is an urgent problem to be solved: that of how to choose a design return period to achieve the optimal balance between the investment of drainage networks and the risk of urban waterlogging. Some researchers introduced the concept of total social investment, which is the sum of the initial investment in constructing drainage networks and future losses that might be caused by urban waterlogging [13] [14] . From the perspective of economics, a minimal total social investment is necessary to optimize the drainage networks. In this study, Tianjin, a large city in northern China, is taken as an example. Guangkai Street in Nankai District, with a dense population, was selected because of the extreme sensitivity of drainage networks to rainfall due to the relatively lower design return period. The Tianjin government has planned to add pump stations but does not know exactly how to establish new rainwater pipes due to a lack of scientific basis and criteria for reconstruction. The project investment for drainage networks at different design return periods and corresponding traffic losses were calculated. The optimal design return period of drainage networks was determined by the method of lowest total social investment. This study will provide a scientific basis for the design of drainage networks.
Material and Methods

Study Area
Tianjin is the second largest city by urban population in northern China, following Beijing (Fig. 1,  39°10′N, 117°10′E) . With a population of approximately 10 million spread across 11,919 km 2 , Tianjin is located at the lower reaches of the Haihe River and is adjacent to the Bohai Sea. Tianjin has a semi-humid continental monsoon climate with monsoon prevailing all year round and four distinct seasons. The annual precipitation in Tianjin is 525 mm, most of which occurs from June to August. The mean annual temperature is 13.5ºC, with annual extremes of 41.7ºC and -23.3ºC. In the present study, Guangkai Street is taken as a case study for severe waterlogging. Guangkai Street is located at north-central Nankai District, stretching from Nankai Fifth Road in the east to Jinhe River in the west, and from Changjiang Road in the south to Xiguan Avenue in the north. Guangkai Street covers a surface area of 1.7 km 2 , with 27,015 households and 76,549 inhabitants. Guangkai Street consists of 13 communities, with some areas low-lying and at high risk of urban waterlogging. Waterlogging-prone points in Guangkai Street are mainly distributed in Nanguangkai Fifth Road, Qinghuaci Street, Guangkai Fourth Road, Guangkai Second Road, Tianbao Road, Nankai Sixth Road, Huajiachang Street, the intersection of the South Road and Yongji Garden, the intersection of the South Road and Fuxinzhuan, and the intersection of Guangkai Sixth Road and Tianbao Road.
Calculating Precipitation in Different
Return Periods
The intensity-duration-frequency curve is the basis for drainage networks planning and design [15] . Precipitation in different return periods is calculated by Tianjin's intensity-duration-frequency curve Eq (1), which is calculated by the methods proposed in CDOWE [16] and TGEIDFCDRP [17] , and based on the minute-by-minute rainfall data of Tianjin Urban Climate Observation Station during 1987-2016. Precipitation in different return periods were calculated as:
( 1) In Eq (1), q is precipitation intensity, and t and P are precipitation duration and the return period, respectively.
Waterlogging Simulation
The simulation of waterlogging is carried out by the FloodArea model. FloodArea model, as a hydrological model for flood risk analysis, has been receiving more attention during recent years [18] . The model developed by the German company Geomer efficiently enables users to simulate mountain torrent and urban waterlogging triggered by rainstorms [18] [19] . As a distributed hydrodynamic model, FloodArea is based on fluid mechanics principles combined with GIS technology. During the process of waterlogging simulation in this study, the influences of underlying surface, elevation, and other factors are considered [18] . In this study, the calculation of waterlogging area is based on the hydrodynamic approach, and all eight neighbors of a raster cell were considered [20] . The discharge volume to the neighboring cells is calculated using the Manning-Strickler formula and the value of roughness in this formula can be found in Xue et al. [18] . The direction of water flow can be obtained by the slope of the terrain, and flow depth was determined by the difference between water level and maximum terrain elevation along the flow path [20] . FloodArea model provides 3 methods, i.e. water level, hydrograph and rainstorm, to simulate the runoff generation process. Rainstorm was selected to simulate waterlogging at Guangkai Street. Meanwhile, geographic information data with a resolution ratio of 1 m was adopted for accurately identifying and simulating waterlogging in Guangkai Street.
Calculating Traffic Loss
The rainstorm-triggered waterlogging usually has a direct impact on traffic. The economic losses due to waterlogging could be calculated by the depthdamage curve [13, [21] [22] . However, the depth-damage curve requires a great amount of disaster data as support. It is difficult to obtain the data for most areas. Therefore, the traffic losses in this study are expressed by a generalized model. The advantage of the model is that more comprehensive traffic losses can be made independent from a large amount of disaster data. The traffic losses caused by waterlogging are defined as fuel consumption as a result of decreasing vehicle speed and the time value losses due to traffic jam or delay [14, 23] .
…where Z represents the waterlogging-caused traffic losses (RMB); and Z 1 and Z 2 represent the fuel consumption (RMB) and the time value cost (RMB), respectively.
Calculating Fuel Consumption Economic Loss
The fuel consumption economic loss model considers the normal traffic flow as the benchmark (supposing that the traffic is normal under the weather conditions without extreme rainfall events). The model of vehicle speed decreasing in line with the depth of waterlogging is shown in formula 3 [14] . 
…where v is the vehicle speed (km/h) and v 0 is the design speed (km/h), i.e., the varying values for different types of roads; x is the depth of waterlogging (cm); a is the half of the critical water depth value stopping the vehicles (cm); and b is the elastic attenuation coefficient, representing the decreasing rate of the vehicle speed with the depth of waterlogging (generally in the range of 3 to 5). A smaller value of b indicates quicker speed attenuation. Generally, the curbs of urban roads are designed at 15 cm in height. Therefore, drivers have difficulty identifying lane edges when the depth of waterlogging exceeds 15 cm. Above 15 cm, vehicle speeds will be close to zero and traffic will stop. As a result, the depth of waterlogging for this model is in the range of 0 to 15 cm. Fuel consumption economic losses are calculated by the relationship of vehicle speed to fuel consumption. According to the mechanical theory of vehicles, fuel consumption economic losses are obtained as [14] : (4) In Eq (4), p e is engine power (71 kW) and b e is the effective fuel consumption (150 g / (KW·h)); c is the amount of waterlogged segments; a is the gasoline unit price (RMB 6.6 Yuan /L); n is the traffic volume influenced by waterlogging; v e is the critical speed of minimum oil consumption (80 km/h); and l i is the length of a specific waterlogged segment (km).
Calculating Time Value Loss
The GDP per capita is used to measure the economic losses of time value. The model is defined as follows By substituting the equations above into Eqn2, the traffic loss model is obtained as follows [14] :"
Calculating Total Loss
According to the loss from a single rainfall event with different frequencies and the number of possible occurrences, the total loss as a result of excessive rainfall in the service life of the drainage networks could be obtained for drainage networks (the maximum return period of rainfall is considered as 50 years) [14] . (10) …where S is the total loss as a result of excessive rainfall events in the service life of the drainage networks; S i is the loss from single rainfall at an return period; and P i is time of rainfall at different return periods within 50 years.
Results and Discussion
Waterlogging Simulation Evaluation
The maximum depth of waterlogging is simulated and then the simulation efficiency is evaluated based on the simulation of rainfall events on August 30-31, 2014 (Fig. 2) . A total of 17 waterlogging monitoring points have been established in Guangkai Street. By comparing the simulation and observation values, it is found that there are 12 monitoring points at the same waterlogging depth level, accounting for 70.6% of all waterlogging monitoring points. There is only 1 point with the simulation larger than the observation value, and 4 points have smaller simulation values compared with the observation values. These results suggest that FloodArea has efficient simulation in most areas, except in and around the Kaixing Apartment on southwest Guangkai Street, where the simulation value is relatively smaller. Accordingly, the FloodArea model is used to simulate the depths of waterlogging with different return periods in Guangkai Street.
According to our previous study, the rainfall durations in Tianjin are mostly within 3 h, and the 3 h-rainfall processes are therefore selected for analysis [24] . Based on the intensity-duration-frequency curve, precipitation with 3 h duration in the return periods of 1, 2, 3, 5, 10, 20, 30, and 50 years are calculated. The Chicago rainfall pattern (rainfall peak coefficient: 0.368) is used for time distribution. Rainfall generally presents a single peak distribution in Tianjin and most parts of northern China, and Chicago rainfall patterns can usually and efficiently be used to determine rainfall patterns within a single peak. In addition, the Chicago rainfall pattern is widely used in drainage design due to its simple calculation and good simulation effect [17] . The hourly precipitation obtained by the Chicago rainfall pattern is input into the FloodArea model as the initial precipitation. Accordingly, the depths of waterlogging at different return periods in Guangkai Street can be obtained.
Design Return Period
Due to the lack of detailed assessment, the investment of drainage networks refers to previous studies in other regions [14] . An overview of the drainage networks investment in Guangkai Street at different design return periods (1, 2, 3, 5, 10 years) is shown in Table 1 . It is can be found that, with the increasing return periods, the project cost of drainage networks greatly increases in accordance.
Assuming that the service life of the drainage pipeline is 50 years, the times of rainfall are expected to be 50 with the return period of 1 year, and 25, 17, 10, 5, 2.5 and 1 with the return periods of 2, 3, 5, 10, 20, and 50 years, respectively. To verify the reliability of the results calculated by probability statistics, the times of rainfall events exceeding the standards of different return periods in the last 50 years from 1968 to 2017 in the Tianjin Urban Climate Observation Station are calculated and then compared with the calculated results by probability statistics (Table 2 ). It is found that the times calculated are close to the times of actual occurrences. Therefore, the calculated times of rainfall events are used to estimate the losses caused by waterlogging.
According to the depths of waterlogging simulated by the FloodArea model, ArcGIS technology is used for extracting the road lengths corresponding to different depths of waterlogging. The traffic losses caused by rainfall events exceeding the standards of different return periods of drainage networks are calculated on the basis of the traffic loss model. Fig. 3 shows that, with the increase in the design return period of drainage networks, the flow capacity of the drainage networks correspondingly increases, waterlogging weakens, and traffic losses decrease accordingly. If the return period of drainage networks is designed as 10 years, the traffic losses caused by waterlogging will be only RMB 331,989.7. However, the 10-year return period of drainage networks will largely increase the construction cost of networks. By adding the drainage networks investments with different design return periods and the traffic losses caused by excessive rainfall events, the total social investment for different design return periods can be obtained (Fig. 3) . It can be clearly found that the total social investment is lowest when the return period of the drainage networks is designed as 5 years. Therefore, a 5-year design return period is the best in this area. In this study, it is the first time to obtain the optimal design return period of drainage networks by simulating the waterlogging at a meter scale based on high resolution geographic information data. In the meter scale simulation, the waterlogging in the street can be easily and accurately obtained. Thus, traffic losses can be estimated more accurately. It is necessary to note that the losses caused by urban waterlogging are various, such as building damage in low-lying areas, property damage to homes, shut-down losses of construction site and some indirect losses. In this study, only traffic losses are taken into account; other losses are not considered, which may cause some deviations in designing the return period. Losses in other industries due to urban waterlogging should be further studied in the future. In addition, the design and construction of drainage networks are based on past precipitation data. The CMIP5 models predict that the future extreme rainfall in northern China will increase, and the precipitation intensity will change accordingly [25] [26] . This outcome will inevitably affect the design of drainage networks [27] [28] . Therefore, further studies should be conducted on how to work out the drainage networks design criteria to match climate conditions in the future.
Conclusions
In this study, a new method for the optimal design return period of drainage networks is proposed by taking into account both the construction cost of drainage networks and the economic losses caused by urban waterlogging. Guangkai Street in Tianjin, which is a large city in the north of China, was taken as a case study in order to reveal the optimal design return period of drainage networks. The results suggest that the total social investment (i.e., the sum of traffic losses and initial investment of drainage networks) reaches the lowest value when the return period of drainage networks in Guangkai Street is designed as 5 years. At present, in most parts of Tianjin, the return periods are designed as 1 year for drainage networks and 3 years for tunnels and culverts. The low design standard has led to frequent urban waterlogging in recent years. This study suggests that the design return period of drainage networks for Guangkai Street and other areas in Tianjin should be upgraded to 5 years to cope with extreme rainfall events under the conditions of climate change. Fig. 3 . Variations of the investment, traffic losses and total social investment of the drainage networks with different design return periods.
